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Isoleucine Enhances Plant Resistance Against Botrytis cinerea via Jasmonate Signaling Pathway
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Amino acids are the building blocks of biomacromolecules in organisms, among which isoleucine (Ile) is the precursor of JA-Ile, an active molecule of phytohormone jasmonate (JA). JA is essential for diverse plant defense responses against biotic and abiotic stresses. Botrytis cinerea is a necrotrophic nutritional fungal pathogen that causes the second most severe plant fungal disease worldwide and infects more than 200 kinds of monocot and dicot plant species. In this study, we demonstrated that Ile application enhances plant resistance against B. cinerea in Arabidopsis, which is dependent on the JA receptor COI1 and the jasmonic acid-amido synthetase JAR1. The mutant lib with higher Ile content in leaves exhibits enhanced resistance to B. cinerea infection. Furthermore, we found that the exogenous Ile application moderately enhanced plant resistance to B. cinerea in various horticultural plant species, including lettuce, rose, and strawberry, suggesting a practical and effective strategy to control B. cinerea disease in agriculture. These results together showed that the increase of Ile could positively regulate the resistance of various plants to B. cinerea by enhancing JA signaling, which would offer potential applications for crop protection.
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INTRODUCTION

Botrytis cinerea is a necrotrophic nutritional fungal pathogen that infects more than 200 kinds of monocot and dicot plants and subsequently causes gray mold disease, which is the second most common plant fungal disease worldwide (Williamson et al., 2007; Dean et al., 2012; AbuQamar et al., 2017). B. cinerea infection may occur from the seedling stage to fruit ripening stage and even during the storage and transport in the retail chain (Dean et al., 2012). Global costs are greater than €1 billion annually for B. cinerea control, which includes agronomic and horticultural practices, fungicides, biological control, and postharvest treatments (Dean et al., 2012; Petrasch et al., 2019). However, increasing fungicide resistance is a severe challenge to fungicide applications and the agricultural management practice for B. cinerea (Kretschmer et al., 2009; Rupp et al., 2016). In addition, Bacillus subtilis-based biological control is also limited by insufficient applicability in the field and high costs (Petrasch et al., 2019). Therefore, safer, pollution-free, and affordable strategies for controlling B. cinerea are worthy of discovery.

Amino acids are the building blocks of biomacromolecules in organisms, and they are also used as water-soluble fertilizers to promote plant growth and improve crop quality (Wang et al., 2014; Aghaei et al., 2019; Rahmani Samani et al., 2019). For instance, the application of amino acids promotes root growth and increases leaf area, chlorophyll content, and dry weight in rapeseed (Wang et al., 2014). Some amino acids are precursor components for the synthesis of various secondary defensive metabolites. For instance, aliphatic amino acids (i.e., alanine, leucine, isoleucine [Ile], methionine, and valine) and aromatic amino acids (i.e., phenylalanine, tryptophan, and tyrosine) involve in the formation of aliphatic, aromatic, and indolic glucosinolates (Halkier and Gershenzon, 2006; Albinsky et al., 2010). The hydrolysis products of glucosinolates serve as defense compounds against herbivores and pathogens and act as cancer-preventing agents in humans (Halkier and Gershenzon, 2006). In addition, arginine and citrulline activate the nitric oxide (NO) cycle to restore the susceptibility of brown planthoppers to the insecticide imidacloprid (Elzaki et al., 2020). Glutamate activates the salicylic acid (SA) pathway to trigger the blast resistance in rice (Kadotani et al., 2016). Despite the apparent relevance between amino acid metabolism and disease resistance, the molecular basis for amino acid and plant resistance to B. cinerea has not been elucidated to date.

Isoleucine is synthesized from threonine under the catalysis by threonine deaminase (TD), encoded by the L-O-METHYLTHREONINE-RESISTANT 1 (OMR1) gene in Arabidopsis (Kang et al., 2006; Binder, 2010; Yu et al., 2013). A previous study reported that the low Ile biosynthesis mutant (lib) with a T-DNA insertion in the OMR1 gene exhibits reduced Ile levels in roots and defects in cell proliferation and expansion during root development (Yu et al., 2013). Furthermore, Ile also conjugates with jasmonic acid under the catalysis by jasmonic acid-amido synthetase JAR1 to form JA-Ile, a bioactive molecule of jasmonates (JAs) (Staswick et al., 2002; Staswick and Tiryaki, 2004; Fonseca et al., 2009; Yan et al., 2016). Subsequently, JA-Ile binds to its receptor COI1 (Xie et al., 1998; Xu et al., 2002; Thines et al., 2007; Yan et al., 2009, 2013) to mediate plant resistance against B. cinerea infection (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013). In the JA biosynthetic pathway, α-linolenic acid is catalyzed and converted into jasmonic acid through a series of biosynthetic enzymes, including allene oxide synthase (AOS) and 12-oxophytodienoate reductase 3 (OPR3) (Wasternack and Hause, 2013).

In this study, we screened 20 proteinogenic amino acids and found that exogenous application of Ile enhanced plant resistance to B. cinerea in Arabidopsis. Our results showed that the Ile-enhanced resistance is modulated via JA signaling through COI1 and JAR1. Notably, the application of Ile on horticultural plant species, such as lettuce, white rose, red rose, and strawberry, moderately enhanced resistance to B. cinerea, suggesting that increasing Ile levels to improve disease resistance has broad applicability and great potential in agriculture.



RESULTS


Exogenous Application of Isoleucine Enhances Plant Resistance to B. cinerea

We sprayed 20 amino acids on Arabidopsis wild-type (WT) plants Col-0 for 2 days and subsequently inoculated B. cinerea spores on the leaves to examine the effects of amino acids on plant defense against B. cinerea infection. The lesion area on leaves caused by B. cinerea infection was measured on the third day after inoculation. Ile treatment (10 mM) significantly reduced the leaf lesion size compared with the control (Mock) treatment (Figure 1A). Applications of Ala, Leu, Val, and Met also slightly reduced lesion area from 7 to 13% (Figure 1A). In summary, only exogenous application of Ile obviously enhanced plant resistance to B. cinerea, while other amino acids exhibited no significant difference compared with the Mock treatment (Figure 1A).
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FIGURE 1. Application of isoleucine (Ile) enhances plant resistance to Botrytis cinerea via elevating JA-Ile (jasmonoyl-isoleucine) level. (A) Representative phenotype and lesion area of wild-type (WT) leaves pretreated with different amino acids after B. cinerea infection for 3 days. Five-week-old WT plants were pretreated with 10 mM amino acids for 2 days before B. cinerea inoculation, including non-polar amino acids (i.e., Ala, Leu, Ile, Met, Phe, Pro, Trp, and Val), polar amino acids (i.e., Asn, Cys, Gly, Gln, Ser, Thr, and Tyr), acidic amino acids (i.e., Asp and Glu), and alkaline amino acids (i.e., Arg, His, and Lys). 0.05% Tween 20 solution (Mock) was used as a control. Scale: 1 cm. Data are means ± SD (n = 28–47 leaves). (B) Representative phenotype and lesion area of WT leaves after B. cinerea infection for 3 days pretreated with different concentrations of Ile or Gly. Five-week-old plants were pretreated with 0, 2.5, 5, and 10 mM Ile or Gly for 2 days. 0.05% Tween 20 solution (0 mM) was used as control. Scale: 1 cm. Data are means ± SD (n = 24–43 leaves). (C,D) JA-Ile concentration (C) and transcript level of the defensive gene PDF1.2 (D) in WT leaves after indicated treatments. Four-week-old WT plants were pretreated with 0.05% Tween 20 solution (Mock) or 10 mM Ile for 2 days, and then leaves were sprayed with Potato Dextrose Broth (PDB) or B. cinerea spores suspension (Bc) for 24 or 48 h. Then, the 7th–9th rosette leaves were collected for quantification of JA-Ile contents, and PDF.1.2 transcript level (48 h). Data are means ± SD. In panel (C), n = 4 samples. In panel (D), n = 3 samples, each sample contains three leaves; ACTIN8 is used as the internal control. Statistical significances were calculated via Student’s t-test Mock and amino acid treatment (*p < 0.05; **p < 0.01; ***p < 0.001).


We further examined the effects of different concentrations of Ile on plant resistance to B. cinerea infection. As shown in Figure 1B, the lesion size on WT leaves was reduced ∼24% when plants were pretreated with 2.5 mM Ile, ∼30% when pretreated with 5 mM Ile, and ∼38% when pretreated with 10 mM Ile. The lesion area on WT leaves pretreated with glycine (Gly) at various concentrations has no significant difference compared with solvent treatment (Figure 1B). These results suggested that the exogenous application of Ile enhanced plant defense against B. cinerea in a concentration-dependent manner.

As Ile is the precursor of JA-Ile, an important defensive signal in response to B. cinerea infection (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013), we further measured JA-Ile accumulation using liquid chromatography–tandem mass spectrometry (LC-MS/MS). LC-MS/MS analysis showed that JA-Ile concentration in Ile-pretreated WT leaves was higher than control WT leaves after B. cinerea infection for 48 h (Figure 1C). Consistently, the induction of defensive gene PDF1.2 (PLANT-DEFENSIN1.2) was also stronger in Ile-pretreated WT leaves compared with control WT leaves at 48 h upon B. cinerea infection (Figure 1D). Collectively, Ile-enhanced resistance may be caused by the higher accumulation of JA-Ile.



The Increase of Endogenous Ile Level Enhances Plant Resistance to B. cinerea

The conversion of threonine to 2-oxobutanoate, catalyzed by OMR1 enzyme, is the first and committed step toward Ile biosynthesis in Arabidopsis (Kang et al., 2006; Binder, 2010; Yu et al., 2013). Our results showed that OMR1 gene transcription level was highly induced in B. cinerea-infected leaves (Figure 2A). A previous study reported that lib mutant, a T-DNA insertion in the last exon of OMR1 gene causing a 13-amino-acid truncation at C-terminal region of OMR1 protein, showed reduced Ile levels in roots (Yu et al., 2013). Hence, we further analyzed the disease resistance response of lib mutant to examine the effect of endogenous Ile levels on plant resistance to B. cinerea. Unexpectedly, the lesion area of lib leaves was ∼23% reduced compared with that of WT (Figure 2B). To clarify whether the enhanced resistance to B. cinerea of lib mutant is linked to free amino acid contents, we further detected the amount of free amino acids in the leaves. As shown in Supplementary Table 1 and Figure 2C, the Ile level was significantly increased in lib leaves by approximately 1-fold higher than WT. In addition, we also found that Gly content in lib leaves was higher than that in WT leaves (Supplementary Table 1). However, external Gly treatment on WT leaves failed to enhance plant resistance to B. cinerea (Figure 1B), which further suggested that the enhanced resistance of lib mutant is linked to the higher level of Ile but not Gly. Based on exogenous and endogenous results, we speculated that Ile plays a positive role in plant resistance to B. cinerea.
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FIGURE 2. lib mutant shows enhanced plant resistance to B. cinerea. (A) Transcript level of Ile biosynthetic gene OMR1 in WT leaves. Four-week-old WT plants were sprayed with Potato Dextrose Broth (PDB) or B. cinerea spores suspension (Bc) for 24 and 48 h. Data are means ± SD (n = 3 samples, each sample contains three leaves). ACTIN8 was used as the internal control. (B) Representative phenotype and lesion area of WT and lib leaves after B. cinerea infection for 2 days. Data are means ± SD (n = 61–69 leaves). (C) Free Ile amount in the leaves of WT and lib seedlings. Five-day-old seedlings were transferred to vertical MS medium (1.2% agar) plates for 10 days, and then leaves were collected for Ile measurement. Data are means ± SD (n = 7–10). (D,E) JA-Ile content (D) and transcript level of JA biosynthetic gene OPR3, JA-responsive genes JAZ1 and JAZ5, and defensive gene PDF1.2 (E) in the leaves after indicated treatments. Three-week-old WT and lib plants were sprayed with PDB or B. cinerea spores suspension (Bc) for 24 h. Then, rosette leaves were collected for quantification of JA-Ile contents and transcript level. Data are means ± SD. In panel (D) n = 3–7 samples. In panel (E) n = 3 samples, each sample contains three leaves; ACTIN8 is used as the internal control. Asterisks indicate significant differences (Student’s t-test, *p < 0.05; ***p < 0.001).


In line with the enhanced resistance of lib mutant, the transcript level of defensive gene PDF1.2 in lib leaves was higher than that in WT leaves followed by B. cinerea infection for 48 h, whereas OPR3 level in lib leaves was comparable with that in WT (Supplementary Figure 1). Transcriptomic analysis showed that JA-responsive genes are overrepresented around 16 h after B. cinerea infection, suggesting prior JA biosynthesis (Windram et al., 2012). Therefore, we further investigated whether the enhanced disease resistance to B. cinerea of lib mutant was related to JA-Ile biosynthesis and signaling at an earlier stage of B. cinerea infection.

First, after B. cinerea infection, WT and lib leaves were collected for JA-Ile measurement using LC-MS/MS. The LC-MS/MS analysis showed that the JA-Ile content was significantly increased in lib leaves on B. cinerea infection for 24 h. JA-Ile increased to ∼6.6 pmol/g fresh weight (FW) in lib leaves, whereas it increased only to ∼4.9 pmol/g FW in WT leaves (Figure 2D). Consistent with higher JA-Ile contents and stronger disease resistance in lib plants following B. cinerea infection, the transcript levels of the JA biosynthetic gene OPR3, JA-responsive genes JAZ1 and JAZ5, and defensive gene PDF1.2 were significantly induced in lib mutant, which was higher than that in WT plants (Figure 2E). These data demonstrated that an increase of endogenous Ile level could enhance plant disease resistance via triggering JA-Ile biosynthesis and signaling on B. cinerea infection.



Ile-Enhanced Resistance to B. cinerea Depends on Elevated JA-Ile Biosynthesis and Perception

The biosynthesis and perception of JA-Ile are required for plant defense against B. cinerea (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013). Hence, we investigated whether the Ile-enhanced resistance to B. cinerea after Ile application depends on elevated JA-Ile biosynthesis and signaling using jar1-1 (Staswick et al., 2002) and coi1-1 (Xie et al., 1998) mutants. The results showed that Ile application significantly reduced the size of lesion in WT leaves, but it failed to reduce the size of lesion in jar1-1 and coi1-1 mutants (Figures 3A,B). However, treatments with Gly had no significant effect on the lesion size of WT, coi1-1, and jar1-1 mutants (Figures 3A,B). In line with these results, the transcript level of defensive gene PDF1.2 in Ile-pretreated WT leaves on B. cinerea infection was higher than that in Mock-pretreated leaves; however, the acceleration of Ile on PDF1.2 expression on B. cinerea infection was not observed in jar1-1 and coi1-1 mutants (Figure 3C). These results demonstrated that the enhanced resistance to B. cinerea triggered by Ile depends on the elevated JA-Ile biosynthesis and perception through JAR1 and COI1.


[image: image]

FIGURE 3. Ile enhances plant resistance to B. cinerea depending on JAR1 and COI1. (A,B) Representative phenotype (A) and lesion area (B) of WT, jar1-1, and coi1-1 leaves after B. cinerea infection for 3 days. Five-week-old plants were pretreated with 0.05% Tween 20 solution (Mock), 10 mM Ile, or 10 mM Gly for 2 days before B. cinerea inoculation. Scale: 1 cm. Data are means ± SD (n = 32–51 leaves). (C) Transcript level of defensive gene PDF1.2 in the leaves of WT, jar1-1, and coi1-1 plants. Four-week-old plants were pretreated with 0.05% Tween 20 solution (Mock) or 10 mM Ile for 2 days. The 7th–9th rosette leaves were detached and inoculated with PDB or B. cinerea spores suspension (Bc) for 48 h, and then collected for quantification of PDF1.2 transcript level. Data are means ± SD (n = 3 samples, each sample contains three leaves). ACTIN8 is used as the internal control. Statistical significances were calculated via Student’s t-test (***p < 0.001, “ns” p > 0.05).




High Endogenous Ile Level Enhances JA Responses to Wounding and MeJA Treatment

In addition to B. cinerea infection, JAs play essential roles in regulating herbivore defenses, wounding responses, fertility, anthocyanin accumulation, UV irradiation, and drought stress (Creelman and Mullet, 1995; Xie et al., 1998; Farmer et al., 2003; Qi et al., 2011; Seo et al., 2011; Wathugala et al., 2012; Yan et al., 2018). Therefore, we performed wounding treatment and MeJA treatment to further investigate whether the increase of Ile level affects other JA responses in addition to B. cinerea infection.

To do so, we first compared the wounding responses in lib, jar1-1, and WT plants. Rosette leaves of these plants were subjected to wounding treatment for 1 h and subsequently collected for the measurement of endogenous JA-Ile concentration using LC-MS/MS (liquid chromatography-tandem mass spectrometry). Consistent with previous studies (Suza and Staswick, 2008; Yan et al., 2016), the induction of JA-Ile level by wounding was impaired in jar1-1 mutants compared with that in WT leaves (Figure 4A). JA-Ile accumulated more dramatically in the wounded leaves of lib mutant. JA-Ile levels increased up to ∼352 pmol/g FW in lib, ∼237 pmol/g FW in WT, and ∼40 pmol/g FW in the jar1-1 mutant (Figure 4A). Consistent with the increased JA-Ile contents in lib mutants, the transcript level of JA-inducible genes in lib leaves, such as OPR3, JAZ1, JAZ5, and JAZ10, was significantly higher than that in WT leaves on wounding treatment (Figure 4B).
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FIGURE 4. Jasmonate responses are enhanced in lib mutants after wounding and MeJA treatment. (A) JA-Ile content in unwounded and wounded leaves of 4-week-old WT, lib, and jar1-1 seedlings. Data are means ± SD (n = 5–6 samples). (B) Transcript level of JA biosynthetic gene OPR3 and JA-responsive genes JAZ1, JAZ5, and JAZ10 in unwounded and wounded leaves of 4-week-old WT and lib plants. ACTIN8 was used as the internal control. Data are means ± SD (n = 3 samples). (C) JA-Ile content in 14-day-old WT, lib, and jar1-1 seedlings treated with 0, 20, and 100 μM MeJA for 1 h. Data are means ± SD (n = 5–6 samples). (D) Transcript level of the JA biosynthetic genes AOS and OPR3 and the JA-responsive genes JAZ5 and MYB75 in 7-day-old WT and lib seedlings treated with solvent (Mock) or 50 μM MeJA for 1 h. ACTIN8 was used as the internal control. Data are means ± SD (n = 2–3 samples, each sample contains 20 seedlings). (E,F) Anthocyanin contents (E) and representative phenotype (F) of WT, lib, and jar1-1 seedlings grown on MS medium supplemented with 0, 10, and 20 μM MeJA for 8 days. Data are means ± SD (n = 3 samples). Asterisks indicate significant differences compared with WT (Student’s t-test, *p < 0.05; **p < 0.01; ***p < 0.001).


It has been demonstrated by isotope-feeding experiments that exogenous MeJA could be converted into JA and further conjugated with Ile into JA-Ile to activate JA signaling pathway (Tamogami et al., 2008). Therefore, we further examined whether increased endogenous Ile levels in lib leaves enhance its capacity for MeJA-induced JA-Ile biosynthesis. Here, 14-day-old WT, lib, and jar1-1 seedlings were subjected to MeJA treatment for 1 h and then collected for endogenous JA-Ile measurement. On 20 μM MeJA treatment, JA-Ile levels were induced to ∼120 pmol/g FW in lib, to ∼46 pmol/g FW in WT, and ∼3.5 pmol/g FW in jar1-1 plants (Figure 4C). Similarly, on 100 μM MeJA treatment, JA-Ile increased to ∼558 pmol/g FW in lib leaves, ∼208 pmol/g FW in WT, and ∼5.5 pmol/g FW in jar1-1 leaves (Figure 4C). As a result, the induction of JA-Ile biosynthesis in lib leaves was significantly higher than that in WT leaves, suggesting that the high endogenous Ile contributes to more conjugation of Ile with JA (MeJA-derived) into JA-Ile. In addition, JA-Ile biosynthesis was impaired in jar1-1 mutants on MeJA treatment. As in jar1-1 mutants, the mutated JAR1 enzyme lost the ability to catalyze JA and Ile into JA-Ile, suggesting that the exogenous MeJA-induced JA-Ile accumulation is dependent on JAR1. Consistently, JA-responsive genes, such as AOS, OPR3, MYB75, JAZ5, PDF1.2, and VSP1, were obviously induced in lib mutants on MeJA treatment (Figure 4D and Supplementary Figures 2B–E).

We also compared MeJA-induced anthocyanin accumulation among WT, lib, and jar1-1 seedlings. WT, lib, and jar1-1 seedlings were grown on MS medium supplemented with 0, 10, and 20 μM MeJA for 8 days and collected for the measurement of anthocyanin contents as well as expression levels of the anthocyanin biosynthetic gene GL3. These data showed that the anthocyanin content and expression level of GL3 in lib mutants were dramatically increased compared with those in WT leaves. In contrast, the accumulation of anthocyanin and the induction of GL3 were impaired in the jar1-1 mutant (Figures 4E,F and Supplementary Figure 2A). Taken together, our findings suggested that a higher Ile level in lib mutant improved its capacity to convert MeJA into JA-Ile and triggered JA signaling.

In summary, wound- and MeJA-triggered JA responses in lib mutant are significantly higher than WT, which demonstrated that the increase of Ile levels in lib leaves enhanced JA responses. These results provided a possibility that the increase of Ile level may improve plant resistance to other environmental stresses in addition to B. cinerea infection.



Increased Endogenous Ile Level Has No Effect on Aboveground Growth of Arabidopsis

The lib mutant exhibited similar JA-Ile contents with WT plants under resting conditions (Figure 4). Next, the effect of the increase of Ile contents in lib mutants on plant growth and development was investigated. First, we observed the development of the aboveground parts of lib plants at various stages. As shown in Supplementary Figures 3A,B, FW of the aboveground parts of lib mutants had no obvious difference compared with WT at the 18–, 23–, 28–, and 33-day-old stages. In addition, the morphology of flower, the dehiscence of anther, the main inflorescence, and seeds development did not exhibit an obvious difference between WT and lib plants (Supplementary Figure 3A). The number of mature siliques and the seed production also did not exhibit a significant difference between lib and WT plants (Supplementary Figures 3C,D). These results suggested that a proper increase of endogenous Ile level had no obvious effect on plant growth, development, and seed production.



Ile Application Broadly Improves Resistance to B. cinerea in Various Plants

Botrytis cinerea also infects various plants of economic interest, including lettuce, rose, and strawberries. Lettuce (Lactuca sativa, Compositae) is an annual and vitamin-rich leaf vegetable that can be damaged by B. cinerea and causes water-soaked, brownish-gray to brownish-orange symptoms (Shim et al., 2014). Rose (Rosa hybrida L., Rosaceae) is one of the most ornamental plants and is used as a food as well as in traditional medicines in China. Fresh cut roses are generally transported from farmers to customers. During long-distance transportation, gray mold disease caused by B. cinerea leads to the most serious postharvest loss of rose production (Cao et al., 2019). Strawberry (Fragaria × ananassa, Rosaceae) is a popular fruit worldwide and is also threatened by B. cinerea, which infects all aerial parts of the plant, especially flowers and fruits, and results in a greater than 50% yield loss (Petrasch et al., 2019). B. cinerea infection of these plants causes billions of dollars in loss (Qi et al., 2018; Cao et al., 2019). Therefore, we next explored whether the enhanced resistance caused by the Ile application is of universal significance in these plant species.

We applied 10 mM Ile to the leaves of lettuce, the flowers of white rose and red rose, and the fruits of strawberry for 2 days followed by inoculation with B. cinerea. Compared with control treatment (Mock), exogenous Ile application reduced the lesion size on lettuce leaves by 18%, on white rose by 11%, on red rose by 18%, and on strawberry by 14% (Figures 5A,B). These results demonstrated that the application of Ile moderately enhanced plant resistance to B. cinerea in horticultural plant species, suggesting a valuable approach to control B. cinerea in agriculture.
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FIGURE 5. Application of Ile improves plant resistance to B. cinerea in horticultural plants. (A,B) Representative phenotype (A) and lesion area (B) of lettuce, roses, and strawberry after B. cinerea infection. 10 mM Ile and 0.05% Tween 20 solution (Mock) were respectively sprayed on lettuce leaves, flowers (white rose and red rose), and strawberries for 2 days before inoculation. Then, the detached indicated parts of plants were inoculated with B. cinerea spores suspension (1.0 × 106 spores/ml), moisturized in 1% agar dishes, and incubated in the dark for indicated days. Lesion sizes were measured and analyzed after 2 days for white rose (n = 57–58), 3 days for lettuce (n = 54–57) and red rose (n = 24–26), and 4 days for strawberry (n = 32). Scale: 1 cm. Data are means ± SD. Asterisks indicate significant differences compared with Mock treatment (Student’s t-test, *p < 0.05). (C) Regulation model of B. cinerea resistance mediated by Ile through JA signaling. JA is synthesized from α-linolenic acid through serial key enzymes, such as Allene oxide synthase (AOS) and OPDA reductase 3 (OPR3). Threonine deaminase (OMR1) catalyzes the conversion of threonine into 2-oxobutanoate, which is the first and the committed step in Ile biosynthesis. JA-Ile is then synthesized by conjugating jasmonic acid (JA) with Ile via JA-amido synthetase JAR1. On B. cinerea infection, a high Ile level will contribute to stronger induction of JA-Ile biosynthesis and then lead to enhanced JA responses depending on JAR1 and COI1. Black arrows represent the schematic diagram of JA-Ile biosynthesis. Gray arrows represent that JA-Ile is recognized by receptor COI1, subsequentially activating signal transduction to defense against B. cinerea infection.





DISCUSSION

Botrytis cinerea causes gray mold disease, which leads to severe economic losses (Glazebrook, 2005). The risks of fungicide resistance and pesticide residues on fresh fruits and crops are the main problems for crop protection (AbuQamar et al., 2017). It is necessary to identify safer methods to protect crops from B. cinerea infection. This study identified Ile as an enhancer for plant resistance to the necrotrophic pathogen B. cinerea in Arabidopsis and other horticultural plants, such as lettuces, roses, and strawberries (Figures 1–3, 5). Many kinds of signals are involved in the defense against B. cinerea, including JAs, ethylene (ET), SA, abscisic acid (ABA), reactive oxygen species (ROS), and NO (Thomma et al., 1998; Audenaert et al., 2002; Adie et al., 2007; Abuqamar et al., 2008; L’Haridon et al., 2011; Beneloujaephajri et al., 2013; Song et al., 2014; AbuQamar et al., 2017). Among them, JA signaling is well known as one of the most important signals in the regulation of the defense against B. cinerea (Abuqamar et al., 2008; Song et al., 2013, 2014; AbuQamar et al., 2017). Moreover, Ile is involved in the biosynthesis of the bioactive JA molecule: JA-Ile (Staswick and Tiryaki, 2004; Kang et al., 2006; Yan et al., 2016). Using jar1-1 (defect in JA-Ile biosynthesis) and coi1-1 (defect in JA-Ile perception) mutants, we found that application of Ile enhanced plant resistance against B. cinerea in WT but not in jar1-1 and coi1-1 mutants (Figure 3). These findings demonstrate that Ile acts through JA signaling depending on COI1 and JAR1 to trigger plant defense against B. cinerea infection.

Previous study showed that 13C-labeled JA-Ile was greatly synthesized in the [13C6]Ile-treated leaves accompanied with wounding treatment, which was dramatically higher than that in [13C4]Thr-treated leaves (Kang et al., 2006), suggesting that Ile could directly conjugate with JA to form JA-Ile and the conjugation capacity is limited by substrate availability. Consistently, this study showed that the application of exogenous Ile greatly improved JA-Ile concentration and transcript level of defensive gene PDF1.2 triggered by B. cinerea infection (Figure 1). Furthermore, the increase of endogenous Ile level in lib mutant also elevated JA-Ile concentration and the transcript level of defensive gene PDF1.2 and JA biosynthetic gene OPR3 (Figure 2). Collectively, these findings indicate that increased Ile level could enhance plant resistance against B. cinerea infection via acting as a substrate to promote JA-Ile biosynthesis and activate JA signaling. In addition, Ile-triggered disease resistance and the acceleration of PDF1.2 gene expression level were not observed in jar1-1 and coi1-1 mutants on B. cinerea infection (Figure 3), further suggesting that Ile modulated plant resistance to B. cinerea depending on JA-Ile biosynthesis and perception through JAR1 and COI1 (Figure 5C). In addition JA is synthesized from α-linolenic acid under the catalysis of a series of enzymes in plastid and peroxisome, which is then exported to the cytoplasm, where it is conjugated with Ile to form bioactive JA-Ile under the catalysis of JAR1 (Huang et al., 2017). Hence, the application of exogenous Ile may enlarge the intracellular Ile pool and provide more available Ile to act as a substrate for JA-Ile biosynthesis under the catalysis of JAR1 in the cytoplasm. In summary, our findings provide a potential strategy for crop protection via increasing the supply of Ile, the precursor of JA-Ile, to improve plant resistance to B. cinerea.

It has been reported that wounded leaves showed enhanced resistance to B. cinerea infection via producing ROS, which depends on the ABA accumulation (L’Haridon et al., 2011; Beneloujaephajri et al., 2013). JAs could also promote ROS production (Suhita et al., 2004) and interact with ABA signaling pathway (Adie et al., 2007; Brossa et al., 2011; de Ollas et al., 2015; Aleman et al., 2016). Our findings showed that mechanical wounding treatment obviously induced JA-Ile accumulation and the expression of JA biosynthetic genes (such as OPR3) due to 1-fold increase in the Ile levels (Figures 4A,B). Thus, it would be interesting to further investigate whether the enhanced Ile level in lib leaves and Ile treatment affects ROS and ABA accumulation to regulate defense responses.

Nicotiana attenuata mutants with less Ile contents caused by the mildly silenced TD gene, a homolog of the OMR1 gene, are highly susceptible to the attack by Manduca sexta. Moreover, the resistance is restored via the application of JA-Ile or Ile (Kang et al., 2006). Together with our results that mechanical wounding enhanced JA-Ile biosynthesis and JA-responsive gene expression levels in lib leaves (Figures 4A,B), these findings indicate that increasing Ile level may have positive effects on plant defense against herbivore attack, but further studies need to be performed.

The application of MeJA on postharvest fruits could induce a plant defensive response and reduce the detrimental impact of pathogen infection (Yu et al., 2009; Jiang et al., 2015; Liu et al., 2016; Reyes-Diaz et al., 2016). In addition, preharvest and postharvest treatments of fruits with MeJA induced the accumulation of secondary metabolites, including anthocyanins and other antioxidant molecules, to prolong the storage period of fruits (Reyes-Diaz et al., 2016). This study reported that the increase of Ile level enhanced defensive responses to mechanical wounding or pathogen infection and MeJA-induced anthocyanin accumulation (Figures 1–4), suggesting the potential to increase secondary metabolites production and enhance plant resistance during fruit storage and transportation.

Chemical fungicide treatment is the most effective method to control B. cinerea, but repeated applications of fungicides increased the risk of fungicide resistance (Kretschmer et al., 2009; Rupp et al., 2016). Foliar fertilization is advantageous because it is applied at a relatively low concentration, with high efficiency in a uniform distribution, and plants respond to the application quickly (Kumar et al., 2016; Vishekaii et al., 2019). We revealed that Ile application enhanced plant resistance to B. cinerea in many species, including lettuce, rose, and strawberry (Figures 5A,B), which supports the potential to utilize water-soluble fertilizer containing Ile as a new efficient and safe strategy for B. cinerea control.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana mutants lib (Yu et al., 2013), coi1-1 (Xie et al., 1998), and jar1-1 (Staswick et al., 2002) were described previously. In all experiments, the Columbia-0 (Col-0) was used as WT plants. Meanwhile, coi1-1 homozygous seedlings were screened out via supplying JA in MS medium (Xie et al., 1998). Arabidopsis seeds were sterilized with 20% bleach, plated on Murashige and Skoog medium (MS; Sigma-Aldrich, United States), cooled at 4°C for 2 days, and then grown in a growth room under a 16-h light/8-h dark (21–23°C) photoperiod.



Application of Exogenous Amino Acids

L-Ala (A7469, Sigma-Aldrich, United States), L-Leu (L8912, Sigma-Aldrich, United States), L-Ile (I2752, Sigma-Aldrich, United States), L-Met (M5308, Sigma-Aldrich, United States), L-Phe (V900489, VETEC, United States), L-Pro (V900338, VETEC, United States), L-Trp (V900470, VETEC, United States), L-Val (V900465, VETEC, United States), L-Asn (900458, VETEC, United States), L-Cys (V900400, VETEC, United States), Gly (V900144, VETEC, United States), L-Gln (V900419, VETEC, United States), L-Ser (V900406, VETEC, United States), L-Thr (V900466, VETEC, United States), L-Tyr (V900426, VETEC, United States), L-Asp (V900407, VETEC, United States), L-Glu (V900408, VETEC, United States), L-Arg (V900343, VETEC, United States), L-His (V900459, VETEC, United States), and L-Lys (V9 00409, VETEC, United States) were dissolved in 0.05% (v/v) Tween 20 solution to prepare amino acid solutions at a certain concentration. Plants grown in a room under a 10-h light/14-h dark photoperiod (21–23°C) were sprayed with amino acid solution or 0.05% Tween 20 solution (Mock), and then continued to grow for another 2 days. Subsequently, the pretreated plants were inoculated with B. cinerea spore suspension.



Botrytis cinerea Infection Assay

Botrytis cinerea infection assay was based on an established method (Song et al., 2014). For leaf lesion size measurement assay, the 7th–9th rosette leaves were detached from 5-week-old plants grown under a 10-h light/14-h dark photoperiod (21–23°C), placed on 1% agar plates, inoculated with 5 μl B. cinerea spores (1.0 × 106 spores/ml) suspended in Potato Dextrose Broth (PDB) medium, and then cultured in the dark with high humidity for 2–3 days. Subsequently, infected leaves were photographed with a digital camera, and then the lesion area was measured by using Digimizer software (v3.1.2.0, Belgium, Germany).

For JA-Ile quantification, plants were grown under a 10-h light/14-h dark photoperiod (21–23°C) for 3–4 weeks, inoculated with B. cinerea spores suspension (1.0 × 106 spores/ml) or PDB (negative control) for 24 or 48 h under high humidity conditions. Subsequently, the 7th–9th rosette leaves were harvested for JA-Ile content quantification using LC-MS/MS as previously described (Yan et al., 2016). The experiment was performed by three biological replicates.



Quantification of Amino Acids

For quantification of amino acids, 15-day-old plants were used. Seeds were germinated on MS medium for 5 days, and then transferred to vertical MS medium (1.2% agar) plates and grown for 10 days. Leaves were harvested for the measurement of amino acids. Here, 100 mg tissue from each sample was used. Samples were ground with liquid nitrogen. Each sample was extracted overnight at –20°C with 800 μl precooled extraction buffer [MeOH:H2O:HCOOH is 15:4:1 (v:v:v)]. Samples were centrifuged at the highest speed for 20 min at 4°C. Supernatants were diluted 50 times with water containing 1 ng/μl lab AA mix algae extract containing 13C, 15N-labeled amino acids (Sigma-Aldrich, catalog number: 487910). Twenty amino acids including abundant and low amino acids were detected and analyzed by UHPLC–MS/MS based on an established method (Schafer et al., 2016). For the chromatographic separation, UHPLC system equipped with a Zorbax Eclipse XDB-C18 column was used with (A) 0.1% (v/v) ACN, 0.05% (v/v) HCOOH in water and (B) MeOH as the mobile phase in gradient mode with described settings (Schafer et al., 2016). Analysis was performed on an EvoQ Triple quad-MS.



Wound Treatment

Rosette leaves of 4-week-old plants were crushed with an hemostat. Three leaves per plant were treated. Each leaf was wounded thrice across the main leaf vein, which created a wounded area of approximately 40–50%. Each sample consisted of approximately 30 leaves from 10 plants. One hour after wounding treatment, the wounded leaves and unwounded leaves (from untreated plants) were collected for the measurement of JA-Ile content and real-time PCR. JA-Ile content was measured by using LC-MS/MS as previously described (Yan et al., 2016). The experiment was performed by three biological replicates.



MeJA Treatment

For JA-Ile content measurement, Arabidopsis seedlings grown in MS medium for 14 days were treated with MeJA (0, 20, and 100 μM) for 1 h and harvested for the extraction and quantification of JA-Ile. JA-Ile content was measured by using LC-MS/MS as previously described (Yan et al., 2016). For the gene expression analysis as shown in Figure 4D, the 7-day-old seedlings grown in MS medium were soaked into solvent (Mock) and 50 μM MeJA for 1 h. The experiment was performed by three biological replicates.



Anthocyanin Measurement

For the anthocyanin accumulation assay, Arabidopsis seedlings were grown in MS medium supplied with 0, 10, and 20 μM MeJA for 8 days, and then harvested for anthocyanin measurement and gene expression analysis. The phenotype and anthocyanin content were measured based on a previously described method (Song et al., 2013). Briefly, 8-day-old seedlings were photographed on a stereo microscope (Nikon), weighted, and collected in 1.5 ml tubes. We added 1 ml anthocyanin extraction buffer [N-propanol:H2O:HCl is 18:81:1 (v:v:v)] to the tube, which was boiled at 100°C for 5 min to extract anthocyanin in the dark at room temperature overnight. Anthocyanin contents are presented as (A535-A650)/g FW. The experiment was performed by three biological replicates.



Real-Time PCR

Total RNAs were extracted from the indicated materials via using TransZol reagent (ET101-01, TransGen Biotech, China) and reverse transcribed by using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (AH311-03, TransGen Biotech, China). Real-time PCR analysis was performed using Power SYBR Master Mix (A25778, ABI, United States) and the ABI7500 Real-Time PCR system. ACTIN8 was used as the internal control. The experiment was performed by three replicates. The primers used in this study are shown in Supplementary Table 2.



Statistical Analysis

Statistically significant differences were determined by using a two-tailed Student’s t-test.



Accession Numbers

AOS (AT5G42650), OPR3 (AT2G06050), JAZ1 (AT1G19180), JAZ5 (AT1G17380), JAZ10 (AT5G13220), GL3 (AT5G41315), MYB75 (AT1G56650), OMR1 (AT3G10050), PDF1.2 (AT5G44420), VSP1 (AT5G24780), and ACTIN8 (AT1G49240).
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